ABSTRACT
INTRODUCTION
The term squeeze casting can be applied to various processes in which the pressure is applied to a solidifying system, usually through a hydraulically activated ram. The applied pressure forces the molten metal to have an intimate contact with the mold which in turn leads to rapid heat transfer that yields finer grain size and small dendrite arm spacing components with mechanical properties approaching those of a wrought product [1, 2] . The most significant constituent in the composite from a strength point of view is the reinforcement [3] . Carbon fibers are fibers that are at least 92 wt.% carbon in composition. They can be short or continuous; their structure can be crystalline, amorphous, or partly crystalline. Al-C fiber composites are being commercially used in space and electronic industries and are attractive candidates for applications involving high specific strength and modulus and low coefficient of thermal expansion due to the presence of carbon fibers. For Al-C systems, synthesized using the casting route, the reaction between the matrix and the reinforcement taking place is [4] : 4Al + 3C Al 4 C 3
The existence of the reaction products such as Al 4 C 3 at the interface is a drawback associated with MMCs synthesized via liquid state processing. It has been widely reported that the formation of this brittle compound at the interface has an adverse effect on the mechanical properties of the MMCs [4, 5] . Graphite reinforced aluminum alloy composites have a very high strength to weight ratio and are thus considered for use where weight savings have considerable payoffs such as in the aerospace and automotive industry. In addition to good specific strengths, aluminum alloys readily with many elements and its strength can be increased with relatively small alloy additions. Good electrical and thermal conductivities to weight ratios can be realized through the use of graphite/aluminum alloy composites [3, 6] .
Aluminum-carbon fiber composites have attractive properties for a variety of automotive and aerospace applications for which light specific weight, high modulus, high strength, and stiffness are required. Also, low cost and easy availability of carbon fibers in comparison with other continuous ceramic fibers have led to the intensive research and development of the aluminum-carbon composite technology. However, the widespread acceptance of carbon fiber-reinforced aluminum composite has been limited due to the various problems encountered during the fabrication of the composites [7] . It has been reported [7] that carbon fibers are difficult to be wetted by molten aluminum alloys. Also, it is well known that the tensile properties of the composite are influenced by the matrix, reinforcement and interfacial bonding between them. This means that the fiber-matrix interactions play a major role in determining composite properties. Any reactions other than those required for good bonding are usually undesirable. These composites have been marked by strengths well below those expected because at high temperature carbon fibers react with aluminum to form brittle aluminum-carbide (hexagonal Al 4 C 3 structure) at the interface between the fibers and aluminum matrix. In addition, a large mismatch in thermal expansion coefficients between aluminum and carbon can generate local strains and debonding at the interface because of deleterious fiber-matrix reactions during fabrication or service exposure. There are many patents [8] [9] [10] [11] that give many ways to incorporate carbon fibers with aluminum.
The aim of this research is to preparing the carbon fibers reinforced Al-Si composites by squeeze casting and studying its tensile strength. 
EXPERIMENTAL PROCEDURES
A standard aluminum-silicon eutectic alloy type 1725 DIN [12] is used in this work as the matrix of the composites. This alloy has good bearing properties, good fluidity and low coefficient of thermal expansion with a density of 2.68 g/cm 3 . It is a common alloy used in the production of pistons [13, 14] . The squeeze casting system comprises the hydraulic press, squeeze die and auxiliary equipments. A vertical hydraulic press is used (with a ram 70 mm in diameter) to apply the pressure in a perpendicular direction to the squeeze casting die. The press can apply a hydraulic pressure of (1-70) Kg/cm 2 , with a constant ram speed of 25 cm/min.
The selected squeeze punch shown in Figure ( 1) was made of low alloy steel, and made with a hole in its upper part to be fixed to the ram with two steel bolts. The lower part of the punch is rectangular in shape with a semicircle ends. This lower part is used to squeeze the molten alloy. Figure ( 2) shows the squeeze die. The die is horizontal, made of low alloy steel and consists of two parts joined by four high temperature resistant steel bolts. This design allows the final Figure (1) The squeeze punch. Figure ( 2) The squeeze die. A local electrical melting furnace is used to melt the Al-Si alloy to the required temperatures.
The maximum temperature of the furnace is 1200 ± 5 °C. A calibrated K-type thermocouple with an accuracy of ± 1°C is used to measure the temperature. This furnace was also used to heat the squeeze die before pressing. The Preparation of Carbon Fiber Reinforced Al-Si Matrix Composites involves the following steps: a) Carbon fiber bundles are first horizontally laid inside the squeeze die and fixed at its ends with using 0.21 gm and 1.49 gm to produce composites with two different volume fractions. b) A standard Al-Si alloy (199.79 and 198.51 gm) is melted in the furnace at the required temperature using an alumina crucible. [15] . h) Removing the solidified composite casting from the die. Figure (3) shows some of the produced specimens.
Figure (3) Some of the squeeze cast specimens.
TENSILE STRENGTH MEASUREMENTS

Calculated Tensile Strength
The following role of mixture (ROM) formula is used to calculate the tensile strength of the composites [16] : 
True Tensile Strength
Tensile tests were made on the carbon fiber reinforced Al-Si matrix composite specimens with the dimensions shown in Figure ( Table  4 ) give higher UTS than that of the Al-Si alloy. These higher UTS values are due to the contribution of carbon fibers and the squeeze casting conditions that led to good bonding with low quantity of aluminum carbide phase, lower porosity and higher hardness which result in higher UTS. The specimens that gave lower UTS than Al-Si alloy within the casting condition ranges evaluated in the present work, indicates that the carbon fibers reinforcement does not contribute appreciably to the tensile strength of the composites. This is because it gives excessive interfacial interactions (Al 4 C 3 phase) which degrades the fiber strength. Also it has coarse primary silicon, or the fibers are not aligned in the longitudinal centerline due to poor attachment or mostly the using of higher pressures. These results are in agreement with the work of Lancin & Marhic [5] , Li & Chao [18] and Ryu et al [19] . It can be seen that it fails in a smooth surface without any fiber pull-out. This reveals the good fiber to matrix bonding with its lower content of aluminum carbide. It can be seen from compared to the large increase between the theoretical values. This is due to the excessive Al 4 C 3 formation with increasing the volume fraction of carbon fibers. However, the increased UTS may be due to the more distribution of carbon fibers which give more refinement and load carrying capacity to the matrix.
RESULTS AND DISCUSSION
Effect of Pressure
The influence of applied pressure on the UTS is shown in Figures (8-10) at different die temperatures. It can be seen that the relationship between UTS and casting pressure follows a third degree polynomial. This result is in agreement with the findings of Ryu et al [19] , Raji & Khan [20] , and Yong & Clegg [21] . The maximum UTS value in Figure (8) is at 38 MPa when the Tp is 700°C. Very low pressure has lowered the UTS values due to little refinement and more porosity in the microstructure. On the other hand, higher used pressure has also lowered UTS due to the fiber clustering and breakage. This clustering in some regions and breakage can resist liquid penetration and reduce the UTS as reported by Yong & Clegg [21] .
Increasing of the casting pressure to 53 MPa at Tp = 700°C as in Figures 9 and 10 has increased the UTS by giving more refinement and lower porosity to the microstructure with the required Al 4 C 3 amount to just bonds the composite constituents at lower die temperatures. The curves in figures (8) (9) (10) at Tp = 780°C can be divided into three distinct regions; <23 MPa, 23-38MPa and >38 MPa. The first region is associated with the presence of porosity and voids in the castings, and this porosity is associated with low UTS values. As the applied pressure is increased, the porosity content is decreased and the composite has higher UTS. Thereafter, an increase in applied pressure will increase the Al 4 C 3 formation with more fracture initiation points and hence the UTS declines. It is important to point out that the degree of deterioration in tensile strength at room temperature depends greatly on the amount of the interfacial phase formed as is mentioned by Li & Chao [18] . 
Effect of Die Temperature (Td)
Figures (11) (12) show the effect of Td on the UTS. It was found that 100°C die temperature with Tp = 780°C and 200°C die temperature with Tp = 700°C have produced the most consistent UTS values over the range of applied pressures considered. The higher used die temperature of 300°C has led to fiber disturbance in the alignment and little refinement in the microstructure and so resulted in the lower UTS, while lower used die temperature has gave the opposite effect. 
Effect of Pouring Temperature (Tp)
The effect of pouring temperature on the UTS values is shown in Figures (8-10) . It was found that a pouring temperature of 700°C supported all the used pressures in giving the highest UTS when compared to 780°C pouring temperature. This is because of the less variation in fiber disturbance, faster solidification, less contact time between the fibers and the matrix, refinement in the eutectic and Si particles and higher hardness. This behavior is consistent with the statement of Yue [22] and Baron et al [23] . It can be noted that lowering of Td can reduce the variations in UTS values since it leads to low Al 4 C 3 amount. The effect of Al 4 C 3 phase on the carbon fibers can be studied by using fracture mechanic analysis. Assuming there is a crack in the matrix and its tip is in contact with the fiber surface, this crack will propagate perpendicular to the fiber length under the tension loading as shown in Figure (13 Figure (13) A crack in the matrix and its tip is in contact with the fiber surface. Now, based on fracture mechanics, analysis of the fiber-matrix interface will be useful for determining the crack tip propagation. The tangential stress (σ θθ ) across the interface on a crack tip can be calculated as follows [3, 24] : A tensile test was conducted on a fiber bundle pulled from one of the composites specimens. The resulting UTS value for the fiber was (86 MPa). It is clear that this value is very much lower than that of the UTS of the as received fiber bundle which was (3950 MPa). This proves the degradation has happened in the fibers after squeeze cast composite preparation. This degradation is due to the formation of Al 4 C 3 phase and the expected formation of coarse silicon particles. Now, if we calculate matrix to fiber stress ratio as follows: σ m / σ f = (168 / 86) = 1.95 Then, it is clear that this ratio is greater than 0.35. This indicates that the fibers are broken as confirmed in Figure (14) , and hence the lower values of UTS for most of the produced squeeze cast composites. The composite that gave higher UTS than that of the non-reinforced alloy was assumed to have stress ratio lower than 0.35, and its fibers were not highly degraded.
Figure (14) Fractures in the carbon fibers which were pulled from the specimen squeeze cast at Tp=780°C, Td=300°C and P=38 MPa.
CONCLUSIONS
1. Using higher pressures, lower die temperatures and lower pouring temperatures have led to increasing the ultimate tensile strength of the CF/Al-Si composites because of increased bonding, decreased shrinkage defects and fiber degradation. 2. The squeeze cast CF/Al-Si composites produced at Tp = 700°C, Td = 200°C and P = 53 MPa have given the best tensile strength and hence they are the best combination of squeeze casting process parameters in the production of the used metal matrix composites.
